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Fig. 1. Phase diagram of Segregation Patterns. A,
Static region; B, stable BNE region; C, over-excited

and confused region; D, Periodic Segregation region.
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Fig. 2. (color online) Series of consecutive snapshots of a typical Periodic Segregation.
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Fig. 3. (color online) Variation of periodic time 7" with

frequency f. The inset shows that the characteristic time

of BNE-RBN (t2 — t1) varies with frequency f.
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Fig. 4. (color online) Variation of energy dissipation power P with frequency f for different Patterns in a
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is shown as reference.

134503-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 13 (2015) 134503

3 ERERSMEITHR

FESCHR [5] 1, N TR R R IF IS 15
P BRI R IIER, Hong FHEH T1E 7T
PR B FURL 2R Gt H A7 78 %58 % (Condensation) 175 1%
(Percolation) 5 LI )WL AL, WA Xt T Jo kL
TR, R I AR A ORUREL PR RS BRI BT B bk
VT B RANSEAE I 95, e 2AE G & 1 LL 1
LR S TP SR Bl P R A .

Hong M5 AL 2 — > e ME ALY, R BT A
A RAT AR & LE AN 288, TR 25 RS URL Al
PR R FE . H ORI R AR AL 285 B i B AL
BRI A N 5 B SE PR B R g 22 DL AT
FAVELL PR T R R G4 T — A3 50 I Ak
BT, SR R AR, T B SR & Rsh
(tn RAIREN & F BRI ), A 2R
FIORL IR o — 5 4 A7 7E 55 9H S 1O R A g 1], RUAY
ik, Hong #5584 H ¢ AN [RUUR A A [F] A s 5
I T R, DA SRR RS 22 0l 22 37 RIB & 3L
MEDW A EA —EEHE . P EEL RS H
2 W I FEE A P2 P SE B R 400, FRATT 20 A S
B %) A BAE 73 SR I0 G N e R ) AR R 4 H — e
flERE.

¥2 18 Hong I EEE, 78 A S B AN 3 38 2F )
B o URE R G, R R B R B ARSI EUKR,
BI T, (F%k) > To(BEHER), o5 2, a2k
B ORI B, B R R RE R . (H2 A
Hong B & A [F] 12, FRATTI I Pl 5 i FE (1)
22 M FEAA o RT FIBT &7 >R 1R, OR8] A [R] (1)
lf 4 P 52 2% 00, i AT () ORS00
/N, BEHEHIURL [B) M OK). A S B ) S B0 I &,
{100 s < UL B 2 e i) UKL P B 2R 155 2 2R L () A4 AR
{167 B 20 0 35 3 O (1 R R RE B R OK L X
LT BAE 43 B X 38 (B 1 19 D X 3k), e TR
GRRL R G IR A L, Rt SRR & &
FSC 1) 58 G HH B (R AR, DL RSORE 2R e P 38 ) ik P
i B AN T 220 %o IR S AURL 2 Gt i i SRS 1)
W8 T AEH A OB R G, AR AR
BH S PR RORE R PR B2, S IR 15 JE 0 P A S A
e, T 0 30 T8 PR R it FEE A X BAIG. BT R iR
JE 1 Bb 5000 3 B ik V& 1) <7 O 1401 TR L Uk UL
i (BPR 2 A AL R T = R Al R 2, R R
St e AR HUN 2 EORIR. 0 TR e A AL R
KR (iAo kL 2 4t), #PE (IR &) A

14 R B R HCCE N PR A S IR B BORL. DA
EVE RS K (BNE) /N RE R A B0 RORE — 4
JASAE S FEEIDEIR, T S R B R A s £
b REPBUN B RRAE T (B2, t = 466 s),
BEAIR 6 N B BE B 2 I AR I 0 10 B8R UKL, 17 353
TRIURL FRY 11 57Tk P AL (BB TR ) Al 4 R 52 3R B
R, X RE Y BEIBUINE) RE EAFERIT ), BRI RURLAR
PR 58 AL, EIS 8 )4 RO I A IR 2
IRE BRI, FEACAL T-HESRIRAS, 4 RURL IR B A,
CLZE IR 10 350 TR AE LA D HBURE £ 42 B i 1
I A BRI PR RE R AN W IS M 2 1 7 S (181 2,
t =472 s), JFE &R BEAE AR UKL 2 1 55 48—/
M (B2, ¢t = 480 s), ARG BRLZE T It
W O IR A 1 3B BB ORI B Y, B T B 3
WEAE B AR RORLAE B I e T SR 454 (B 2, ¢ = 484
s). B BTG R S (RBN) LG, IR & AR
RE 5T 4R 32 SN AR ) A ORE, A 2 Ak (4
HERIE 128 VKSR BN, XN T I IS K I e A
BN, B 4 RORL IR A R 2 1 m G T it o v A
K, B R BN B BORLIT 46 T2 @& 1E
(Percolation) fE K #EE (Bl 2, t = 494 s), JFiZD
R AR (B2, t =508 8), ZJGHT HZE
I T UKL AN W v 325 T A8 I 18 35 34 UKL J2 A W A2 )2
(XAEEI AR, ST 90% DA I ),
I8 S 1S 5 DSE J2 P A T, s 4% e ) L S22 388
Wi 28 5 4R B FAR T T 46 7 T 58 2R (Condensation),
B 2 PRI MURL 56 4218 18 28 IS HB Y B S VG SR &5 4 O
2N —MEI.

AN B SR PTR, ARG T LIRSS
¥ (BNE) I, #ik & 68 5 H 4 A 28 R HE In £
A I B 3 3 UKL, TR UL RE R N T R AR IS
MM ARG T R ETEREHE (RBN), IREGHEE
R B N T R M T 0 AR A JE S ) iR A
BeRE B A DR a2 RS T E IR
ZWIR S (SW) I, e s d AN DI FE N TR
ZTE). SCHR [8] T f 5B AR 0 Al R R R A
T 7 RAL B2 T RORL R G I RE AR R 2, 15 3
P =8y/1/3md?*(1 — e*)n?v3,V, Hrfm il d &
ANRIURE R 5T B R ELAR, no A2 B ol R RURE 2003 B2, e
FEMKE RH, vpms BRI TR IE R, V2 HE
A HE 23 AR B (R VR LA 5 0 ) e B RE AT
PAZE). — MR, IR AR B 98 B2, 23 58 n Aok
FES R RE R, kMR E R EZEMA =
B, VA 7 IR RV 5 AL 5 UKL ) 25 7 R
Hvpms. BN R GE IR AR BE 1 S0 R LA 1S KR

134503-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 13 (2015) 134503

ARAR, HAE 20N R S AR R A BRI AL DL S
Ak 23 KRB R E, 72 W 3 4R U AL URE 1 3
i . R IRAR R T AR SRR AR AL
(1) — JCIURL 22 G, I 50 9t 4K 38 43 1) R B AT AR
[F] (1) 350 75 RO 28 W 1 B R A B a8 FH B A S SE 58
gESR JEECE Y R 45K (BNE, £ B4k R 4 B 5
WAL B9 KR R BN 0.9, & TG R 454 (RBN,
F BRI RN ) (8 SRR R BN 0.8, Al
155 Pang/Pene ~ 2.5, 5K 4 GE PR KIF
2.1—2.3 g5 R L.

EAERERE, ERFAEALE P o vl V,
1M vems 5V #-S5BRR FIIRAFEEE A G, IS R4
MR zh e A o5, HIE 5 K45 R EoR, 16 H B
Iy EILG IR BN 26 G B Y, $IR 30 03k B 1 384 m 9
B B SUR R R R M REFETI R, BATAN
X 0] G5 A7 AE P FRSURL A BT 1) ST A 5% BABNE
SERI N, FEARSCHI S % F T A AL I T
BNE, 73 5l7& Kl 1 1 B X5 (2 BNE) A1 D [X 35, (1
Ko RFH—NM). B5 EEAHT B XK —
ANBNE 4504 (I' = 2.8) MIBERET R EAE, 7T LG
H, K T N BNE S/ Mt DB 1D IX
) L H) BNE BEFETh 2/, X2 KN Fl BNE
SERI AR V R AR T, 4R 30 0 /N
H RSB IEE R B BNE 45 8 /R AL AR AR AR
/N, R o T U A ) 8 0 3B 3R UKL B AL,
DR LG B T 3 /N RE B FE O DD 6. B o iR 2 o
(36K, 2 B RIORL ()AL )& B (AR V) 1E
AN, 6T BNE &5 849 1) 6 FE Th 26 12 3 39
2 BNE &5 44 1) JiC J2 38 Ok 4= i AL BLJS , l
BEN T IATYM B G 73 IR XK (B 1 DIX
). R T B RURL 2 R R 2 A 3 SR
AN (BB, RT, REE KR R85, b2 E 14
TORLAE 5 T 28058 1) 3 38 JURL Al 48 Hh SR 15 1K 20 g
ARVIN, AE AL, DR I Bof P IR sh o B, itk
JEHE A S B AR E Y . AR
BRI EORIET T2 S8 e A4k i B 38 ks
[ [ il 4, BNE X6 B 1) REFE IR B AN, 4% 2248 KPR
A5 FE RSN 2 3 B RORL IR 4K 5 9% il i bar
JZ R RE, A FAE R 5 5 0 R (2 LB 3 T A 4
B JGSCAYHT). T P B3 O 5 A R UKL 2 JS
FIE FJ7 T i RBN S5 4, 1 I 8 S0k £ JS J2 4 A%
B EEINA, TR 3 R B A R
AR ZEE), BRIHR & 2B 3RS %44 T [
FE T LA SE A ARG 0 1) 4 R0k 2, AN i 4 ks
V] PRI RIE F38 P B R U /N, B T K IR e R E BT

. RIS ORIRBN R E, BAR eSS 14
UKL AT e 4k 2 B2 AL B 2 A0 1 07 (350 25 3 B ORI
Ak, {EL EH TR R 5] lE 4 1) e B RE U4 ORI (M
XoF T 3 B B - B ), T LU B A R 2 L
A ER AR BRI ARR AL, 875 % B URL [ AL
FERPAE A7 AEXT S REAE R DTR LB/, S2Br | RBN
SERI I A AR 4, 7 BNE 5 89 Al 7t A0 i iR -
JZ 1) 3¢ B UKL T R I VAT 5 4 1A ) B TR AR R
JEHE L Re B4R AL, B TR R S e 4
wiAk, WE RS RSE A G NEBIET, #
ek N SW I F2. SW G54 i 1 I 2% T -3 B 1
b4, DRI EREFETN R AT RBN M1 BNE 2 [8]. Xf
RBN 254, BT EEEHR0RL = C 4 56 2, 3R
PR B 50 [FIRE AN 2 BB G e RETh 26 i HA2 ik
RBN 1] SW ¥ A6 (17218 1 2 (W J5 S0 ). 48R,
ZIURRL R Gi e EAR ) R IR A E A IRE)
580 JEE TR 38 KT 3K, Bl an e A1) R G RRERIE K
PRI E, — 58 7T LUK UORL 2 40 4 Ak,
KR )35 77 R G e, TT S8 K BEFE D) 2. (R LI
WRLRGEA S RIZOEHE R, KRBHNEEH
AR AR 8 S5 M VR EL ISR X

EFRA VR BN SLIR A (K1) B, BRAMEX R
SE S5 I R B G 4 T X 8k (D X 35) Fi4di BNE [X
1 (B X35k), HE&A WSCHR [4] —FERBLK e 1
RBN X3 A1 SW X35, PR b FRAT 1o vk LU 1B 3 70 SR
X 45 H B RBN (5 SW) 45 44 5 Fo Al X 38 th 4 17
FE K IR 2 1 RBN (B SW) Z5 i R ke 22 51, (H
Z2/TEEH 3 XA, AR BNE, RBN, SW
SER (JUTAS 24 3 ok B2 i sz ) B ARALL ) g
AR,

B3 1 JE A 4 R B, B A f BRI
RN R T 3G, BB R T AR, X2
KR T = 4ar?f2 A/ g, RRCE E Lo f, FEE f
WK T 52t E#R AR IRIE A 2SR, TR
AR APAFRIRL 2 45 B RORL ) BE AR K, BEA T
IR BBIE AT, A 4R A T [
I, PRI A A2 K2 (EAFAN [F)RORL 2= 1) 73 AL T AR E
PEAR 22 TS BT SR ) 1) R T SR R AR I
BFIA] (g — ¢q) 2%

4 % #

AR SCHRIE 1 R RT3 3 B ) B — T R IR £
WAE— 52 i3 BIR BN 2% 1F T & B ah 25 1 A 3911k
IR B — A IR 2 U By TR M

134503-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64,

No. 13 (2015) 134503

=W, EPERM R EPRE M. Hh =Wa 45
A 7 90% LA R I, JF HLAEM 10 H ke 5
PRBI N TG TR0, 5 iR S A0 1 16 KT
HEOR. S AN RURE 6 T AT 40755 (i 25 BRI ) 5 23 56
PLRA BN, WX =R REE REE A F
RGN E o, AR 7 JEEH A AN ) RE AR AL
Thae. [FRN o S H, BMSEHR 20 od B A ], fg
EAEII R EEAMF (FELRIRZETEH ). Rk
ERis A SR SR e g P TE S R A PO VE S
A. FIH Hong K TR IR 5 4t (15 RS 1E A
BRI AL, 3P 8 A e R AR R N B 45
R, W PEMEREZA A Ik 23 RS AAH OGN B 45
K. HHTE B RRBRLE S YN 2 AR AT
MR AT 5 AL, A SCER 45 R AEAE 0 BIL )

ENATE TEMFPRL S HUN RN, REREIL A2 55 T
TS LR (15 ).
SE 3k

[1] Aranson IS, Tsimring L S 2006 Rev. Mod. Phys. 78 641
[2] LiY, Liu R, Hou M 2012 Phys. Rev. Lett. 109 198001
[3] Kudrolli A 2004 Rep. Prog. Phys. 67 209

(4]

(5]

[11]

[12]

(13]

[14]

134503-8

Shi Q, Yan X, Hou M, Niu X, Lu K 2003 Chin. Sci.
Bull. 48 627

Hong D C, Quinn P V, Luding S 2001 Phys. Rev. Lett.
86 3423

Rohit A I 2008 Ph.D. Dissertation (New York: City
University of New York)

Shi Q, Sun G, Hou M, Lu Q 2007 Phys. Rev. E 75
061302

Peng Z, Jiang Y, Liu R, Hou M 2013 Acta Phys. Sin.
62 024502 (in Chinese) [BE, HIRR, X8, JEEBE 2013
YIHFER 62 024502

Liang X W, Li L S, Hou Z G, Lv Z, Yang L, Sun G, Shi
Q F 2008 Acta Phys. Sin. 57 2300 (in Chinese) [#5 3L,
ZRRA, RIEE, B, B, PN, EPCHE 2008 PBEAE R
57 2300]

Burtally N, King P J, Swift M R, Leaper M 2003 Gran-
ular Matter 5 57

Du S, Shi Q, Sun G, Li L, Zheng N 2011 Phys. Rewv.
E 84 041307

Sack A, Heckel M, Kollmer J E, Zimber F, Poschel T
2013 Phys. Rev. Lett. 111 018001

Yang M Y 2003 PhD Dissertation (Pennsylvania: The
Pennsylvania State University)

Canul-Chay G A, Belmont P A, Nahmad-Molinari Y,
Ruiz-Suarez J C 2002 Phys. Rev. Lett. 89 189601

Liu C P, Wang L, Zhang F W 2014 Acta Phys. Sin. 63
044502 (in Chinese) [XI&F, F37, 5KE 5 2014 PPEE2E4R
63 044502]


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1103/RevModPhys.78.641
http://dx.doi.org/10.1103/PhysRevLett.109.198001
http://dx.doi.org/10.1088/0034-4885/67/3/R01
http://dx.doi.org/10.1007/BF03325642
http://dx.doi.org/10.1007/BF03325642
http://dx.doi.org/10.1103/PhysRevLett.86.3423
http://dx.doi.org/10.1103/PhysRevLett.86.3423
http://dx.doi.org/10.1103/PhysRevE.75.061302
http://dx.doi.org/10.1103/PhysRevE.75.061302
http://wulixb.iphy.ac.cn/CN/abstract/abstract51859.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract51859.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract14102.shtml
http://dx.doi.org/10.1007/s10035-003-0132-z
http://dx.doi.org/10.1007/s10035-003-0132-z
http://dx.doi.org/10.1103/PhysRevLett.111.018001
http://dx.doi.org/10.1103/PhysRevLett.89.189601
http://wulixb.iphy.ac.cn/CN/abstract/abstract58178.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract58178.shtml

) 38 % 48 Acta Phys. Sin. Vol. 64, No. 13 (2015) 134503

Energy dissipation and periodic segregation of vibrated
binary granular mixtures®
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Abstract

For a vertically vibrating column filled with binary mixtures consisting of big copper beads and small glass beads, the
phenomenon of periodic segregation (PS) is observed experimentally, in which distinct segregation patterns of Brazil nut
effect (BNE), reversed Brazil nut (RBN) and sandwich (SW) are emerged successively under a certain vibration condition.
The periodic time increases with increasing vibration frequency or decreasing acceleration, and the SW pattern holds
90% duration of a cycle. Since the three segregation patterns emerging sequentially in a cycle are all well defined, the
energy dissipation power for each segregation pattern is measured under the same vibration condition. It is found that the
dissipation power is the largest in RBN pattern and the smallest in BNE pattern during a cycle. Moreover, in the periodic
segregation region the same patterns (BNE, RBN or SW) emerging at different vibration accelerations have almost the
same dissipation power within the experimental error. Based on the viewpoint of competition between condensation
and percolation from Hong, the periodic segregation phenomenon can be explained qualitatively by combining with our

measurements of energy dissipation power.

Keywords: granular matter, energy dissipation, segregation
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